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The Instrument  Div is ion  o f  Sanders Assoc ia tes  ha6 s u c c e s s f u l l y  
completed t h e  requiremonte o f  t h e  Contract  NAS 8-20519 for t h e  design 
of a R e c t i l i n e a r  Accelerometer. Th i s  accelerometer  is used for t he  
lateral  c o n t r o l  of t h e  Sa tu rn  Launch Vehicle. The d e t a i l s  of t he  
des ign  and a di6CU6SiOn of t h e  performance of t h e  eva lua t ion  pro to type  
a r e  inc luded  here in .  Sanders  i s  confident  of provid ing  o p e r a t i o n a l  
hardware and e n t h u s i a s t i c  about  cont inuing t h i s  program. 
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INTRO DUC T ION 
On July 1, 1965, the Instrument Division of Sanders Associates, Inc., 
received NASA Contract N U  8-2051.9 for the deeign of a Rectilinear Accel- 
erometor. The design to be pursued ie Alternate #2, Rectilinear Acceler- 
ometer, a8 proposed in Sanders' Proposal No. 42KC submitted Hay 13, 1965. 
The program to be followed will be Phaee I of the Program Plan described 
in the proposal. 
The Rectilinear Accelerometer is a spring maes accelerometer used to 
measure the lateral acceleration on the Saturn Launch Vehicle during the 
passage of the launch vehicle through the jet streams. The acceleration 
information is then used to direct the engines for the proper angle of 
attack. 
The goal of the program ie to establish a design for a Rectilinear 
Accelerometer based on analytical etudies and tests of actual components. 



















I. WORK STATEMENT 
A design w i l l  be  presented  at t h e  George C. Marsha l l  Space F l i g h t  
Center wi th  t h e  necessary  documentation of a n a l y t i c a l  s t u d i e s  and 
component t e s t  r e s u l t 6  t o  i n d i c a t e  s u c c e s s f u l  performance o f  a 
R e c t i l i n e a r  Accelerometer. As a r e s u l t  of t h e  p r e s e n t a t i o n  a t  t h e  
George C. Marshal l  F l i g h t  Center ,  a f i n a l  des ign  w i l l  be e s t a b l i s h e d  
and f i n a l  documentation provided. It is understood t h a t  t h i s  f i n a l  
documentation w i l l  no t  be used f o r  product ion  purposes,  b u t  should 




Since  r e c e i p t  of  t h e  c o n t r a c t  f o r  t h e  Development of  t h e  Rect i -  
l i n e a r  Accelerometer,  Sanders  As6OCiate6 has  designed,  and a n a l y t i -  
c a l l y  and empi r i ca l ly  eva lua ted ,  t h e  accelerometer  components. In  
a d d i t i o n ,  l i m i t e d  assembly t e 6 t i n g  ha6 been accomplished, Minor 
mod i f i ca t ions  t o  t h e  e x i s t i n g  prototype hardware w i l l  a l l ow t h e  
pro to type  accelerometer  t o  meet the  design g o a l s  as s e t  f o r t h ,  A 
summary of  design performanae is given i n  Table I on t h e  next  page. 
The des ign  of t h e  accelerometer  is as shown i n  Sanders '  Drawing 
30312 and d iscussed  i n  Sec t ion  I V .  It should be poin ted  out  t h a t  t h i s  
delsign does n o t  put  f o r t h  t h e  minimum of rsiae f o r  t h e  acce lerometer ,  
For i n s t a n c e ,  with t h e  t e s t  d a t a  a l r eady  accumulated, i t  w a s  found 
t h a t  t h e  s e l f - t e s t  f o r c e r  w a s  approximately t h r e e  t imes s t r o n g e r  
than r e q u i r e d .  
w i l l  be reduced i n  volume,and i t  is f e l t  t h a t  a s i n g l e  permanent 
magnet mounted i n  a s o f t  i r o n  c a r r i e r  t o  c loee  the  f l u x  pa th  acro88 
t h e  moving c o i l  would be s u f f i c i e n t  t o  develop t h e  necessary  force .  
I n  a d d i t i o n ,  p re l iminary  tests on t h e  Wfl s p r i n g s  i n d i c a t e  t h a t  
r educ t ion  of  t h e  tlStt s p r i n g  diameter from t h e  p r e s e n t  2-1/2" 
diameter  t o  2" i n  diameter  is  very f e a s i b l e .  
In mbmoquoat dorigme tho  permanent magnet m a t e r i a l  
The output  of t h e  IRC Linear  Var iab le  D i f f e r e n t i a l  Transformer 
(LVDT) has  a cons ide rab le  quadrature  ou tpu t ;  however, t h e  pro to type  
design w a s  t a i l o r e d  t o  meet t he  expected t r a v e l  of - +.125, 
u n i t e ,  t h e  Sanborn LVD", which opera tes  a t  7XHz with ze ro  phase s h i f t ,  
w i l l  b e  incorpora ted .  
I n  f u t u r e  
(Tes t  Data Appendix A) 
It is p r e d i c t e d  t h a t  with these  changes and t h e  i n c o r p o r a t i o n  
of t h e  Sanborn LVDT, t h e  package s i z e  can be reduced t o  a l eng th  
of  2.6 inchee  and d i a a e t e r  of  2.2 inches ,  t h e  l i m i t s  of  t he  proposed 
dosign i n  F igure  1. 
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SUMMARY OF DESIGN PERFORMANCE 
PARAMETER DESIGN GOAL PROTOTYPE PERFORMANCE 
2 - +10 meters/sec RANGE Oreater  than - +10 
met e rs/e ec2 
OUTPUT .5 roI t s /meter /  38 volts /meter /srcL Determined by 
a m p l i f i e r  see' m i n .  
NULL 
VOLT A 5 E  
15 mv m a x  l e e s  than 15 mv 
PHASE LAcl 2 . 5 O  max Greater  than  2.5' 
with I R C  LVDT 
Within l i m i t s  w i th  
Sanborn LVDT 
STAT I C  
ACCURACY 
Within design g o a l s  
u n f i l l e d ,  F i l l e d  
u n i t  e x h i b i t s  non- 
l i n e a r i t y  g r e a t e r  
than  design goa ls .  
% t t  s p r i n g  posi-  
t i o n i n g  i n  assembly 
must be a c c u r a t e l y  




5 CPS Inc rease  ttS4t lspring 
s p r i n g  rate 
.6 t o  1.0 DAMPING 55 Correc ted  by damp- 
i n g  f l u i d  or gap 
change. 
6 ma/meter/sec 2 FORCE COIL 
CALIBRATION 
2 15 ma/meter/sec Change by number of 
t u r n s  o r  magnetic 
f l u x  d e n s i t y  
ENVIRONMMTALS Not Tested 
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Can be  reduced by 
change in e i z e  and 

























111. DESIGN OOALS 
The Rect l i n e a r  Accelerometer w i l l  opera te  from an  AC source  
with a phase s e n s i t i v e  AC vol tage output  p ropor t iona l  t o  app l i ed  
acce le ra t ione .  I n  a d d i t i o n ,  the  u n i t  w i l l  have an independent 
c i r c u i t  for s e l f - t e s t  which w i l l  provide sensor  output  s imula t ing  
a c c e l e r a t i o n  appl ied  t o  t h e  s e n s i t i v e  axis. 
The accelerometer  w i l l  be designed t o  meet t h e  fol lowing 
goa ls  : 
Range 
- +IO metere/sec/sec. 
ou tput  
0 . 5 v o l t s  rms/me t er/sec/sec . 
Output Load 
20,000 ohms r e s i s t i v e .  
Output Impedance 
2,000 ohm m a x i m u m  as a voltage generator .  
Nu l l  Voltage 
With instrument  l e v e l ,  t o t a l  r e s i d u a l  vo l tage  s h a l l  no t  exceed 
15 m i l l i v o l t s  a t  75"F, no more than 20 m i l l i v o l t s  between 40°F, 
and l l O @ F  and s h a l l  not  exceed 25 m i l l i v o l t s  at any temperature 
i n  t h e  ope ra t ing  range. 
E l e c t r i c a l  Phase Lag 
The e l e c t r i c a l  output  s h a l l  be i n  phase o r  1800 out  of phase 
with t h e  inpu t  except i n  add i t ion ,  i t  may l e a d  o r  l a g  the  inpu t  
up t o  and inc lud ing  2-1/2" o r  where i n  excess  of 2-1/2", t h e  
quadra ture  vol tage  s h a l l  be less  than 15 m i l l i v o l t s .  
-7- 













111. DESIGN GOALS (Cont 'd) 
Residual  Voltages 
Provid ing  t h e  i n p u t  vo l t age  is harmonic f r e e ,  t h e  quadra ture  
and harmonic con ten t  of t h e  output v o l t a g e  toge the r  a t  any "GI' 
i n p u t  w i th in  range s h a l l  no t  exceed 1-1/2% of t h e  f u l l  s c a l e  
vo l t age  output  . 
Grounding 
The ins t rument  must ope ra t e  with i ts  case  grounded; however, 
a l l  c i r c u i t s  must be i s o l a t e d  from ground. 
S t a t i c  Accuracy 
Inc luding  t h e  e f f e c t s  of  l i n e a r i t y ,  h y s t e r e s i s ,  f r i c t i o n ,  
and s c a l e  f a c t o r ,  t h e  inphase component of  t h e  output  vo l t age  
s h a l l  be p r o p o r t i o n a l  t o  t h e  above s p e c i f i e d  output  w i th in  the  
fo l lowing  percentages  of f u l l  s c a l e  with a 20,000 ohm r e s i s t i v e  
load.  
+40°F t o  -20'F t o  
+lOO°F + 1 6 0 0 ~  
a. Between +5 and -5 meters  per/sec - + 1/2% - + 1% 2 
- +1% - +1-1/296 b. Between +5 and +7.5 and between -5 and -7.5 meters/sec2 
+1-1/2% +2-1/2% -7.5 and -10 meters/sec2 - C. Between +7.5 and +10 and between 
Temperature Range 
a. Operat ing:  -20'F t o  + 1 6 0 0 ~  














111. DESIGN WALS (Cont'd) 
N at u r a1 F r  e qu en cy 
Nine c y c l e s  p e r  second 21 cps,  at 90" phase ang le ,  over  t h e  
o p e r a t i n g  temperature  range. 
Damp i n  g 
Between 0.6 and 1.0 of  c r i t i c a l  over  t h e  temperature  range 
of -20°F t o  +160°~.  
Cross  S e n s i t i v i t y  and Axis Alignment 
Within 0.002 G/G with r e spec t  t o  ins t ruments  mounting pro- 
v i s i o n s  when c r o s s  a c c e l e r a t i o n  is a p p l i e d  i n  any d i r e c t i o n  
pe rpend icu la r  t o  t h e  s e n s i t i v e  axis. 
Force C o i l  C a l i b r a t i o n  
With t h e  instrument  l e v e l  and no a c c e l e r a t i o n  a p p l i e d  a long  
t h e  s e n s i t i v e  axis, a d.c. c u r r e n t  a p p l i e d  t o  t h e  fo rce  c o i l  from 
an e x t e r n a l  28 v o l t  d.c. aource s h a l l  d e f l e c t  t h e  se i smic  mass 
i n  bo th  d i r e c t i o n s  and be p ropor t iona l  t o  t h e  inphase component 
of t h e  ins t rument  output  vo l tage  as fol lows:  
a. Inc luding  l i n e a r i t y ,  h y s t e r e s i s ,  f r i c t i o n ,  s c a l e  f a c t o r ,  
and r e p e a t a b i l i t y ,  w i t h i n  - +6% of reading  a t  75°F ambient tempera- 
t u r e  . 
b. Change i n  s e n s i t i v i t y  not  t o  exceed 0.15% of reading  pe r  
degree F over  t h e  ambient temperature  range of +25OF t o  +125OF. 
C. Zero a h i f t  n o t  over 0.08% per degree F over t h e  tempera- 
tu re  range of +25i0F t o  +l25OF. 














111. DESIGN GOALS (Cont 'd) 
I n s u l a t i o n  Res is tance  
Grea te r  than 200 megohm with 500 v o l t s  d.c. a p p l i e d  between 
any i n t e r n a l  c i r c u i t  and case  ground. 
Weight, S i z e ,  Cons t ruc t ion  
Hermetical ly  s e a l e d  case  with weight and s i z e  as r equ i r ed  
f o r  i n i t i a l  design. These parameters become r e s t r i c t i v e  i n  
la ter  phase8 of  program. 
Steady-State  Acce lera t ion  
F i f t y  ( 5 0 )  tlGtslt a long  any axis without  damage. 
Shock -
F i f t y  (50) tlG'sll a long  any aXi8 for 10 mi l l i s econds  du ra t ion  
with 0.4 mi l l i s econd  r i s e  t i m e  wi thout  damage. 
V ib ra t ion  
a. Along any axis, 1/2 inch double amplitude or 20 0 peak 
s i n u s o i d a l ,  whichever is smal le r ,  from zero t o  2,000 cps without  
damage 
b. Less than 4% of f u l l  s c a l e  output  s h a l l  r e s u l t  from 
v i b r a t i o n  i n  any axis of 1/2 inch double amplitude or 20 G peak 
s i n u s o i d a l ,  whichever is 1888, from zero t o  2,000 cps.  Less 
than  2% of  f u l l  scale output  a t  10 Ci peak s i n u s o i d a l .  
s h a l l  n o t  apply t o  t h e  e t n s i t i v e  axis  at  f requencies  below 
80 cyc les .  









I V .  PROTOTYPE DESICN 
Evalua t ion  pro to type  design i e  shown i n  Drawing 30312. The 
components a r e  shown i n  F igure  2. With an a c c e l e r a t i o n  app l i ed  t o  
t h e  s e n s i t i v e  a x i s ,  t he  a a c e l e r a t i o n  s e n s i t i v e  mass, Iteme 6, 7, 
9, 13, 16, 17, 18, 19, 28, and 31 w i l l  d e f l e c t  u n t i l  t h e  acce le ra -  
t i o n  f o r c e  on t h e  s e n s i t i v e  mass i B  equa l l ed  by t h e  d e f l e c t i o n  
f o r c e  i n  t h e  llS1t s p r i n g s ,  I tem 20. This  d e f l e c t i o n  is measured 
by an output  from t h e  LVDT, Item 27, which is a phase s e n s i t i v e  
d i f f e r e n t i a l  t ransformer .  The accelerometer  is damped by t h e  
nylon damping p i s t o n s ,  Item 19, which form temperature  compensating 
dashpot damping i n  conjunct ion  with t h e  s i l i c o n e  o i l  damping f l u i d .  
For s e l f - t e s t  c a p a b i l i t i e s ,  a s e r i e s  wound c o i l ,  Item 31, is 
mounted on t h e  s e l f - t e s t  c o i l  c a r r i e r ,  Item 6; and t h e  winding is 
p o s i t i o n e d  between t h e  two permanent magnets, Item 4 and Item 5. 
A d i r e c t  c u r r e n t  pas s ing  through t h e  winding causes  a r e a c t i o n  
f o r c e ,  which i e  p r o p o r t i o n a l  t o  t h e  c u r r e n t ,  magnetic f l u x  d e n s i t y ,  
t h e  number of t u r n s  on t h e  c o i l ,  and t h e  d i r e c t i o n  of  t h e  cu r ren t .  
The assembly is mounted wi th in  a c y l i n d r i c a l  housing, Item 1, 
and secu red  i n  p o s i t i o n  by t h e  lock r i n g ,  I tem 22. End caps ,  
I tems 21 and 10 are mounted t o  each end and s o l d e r  s ea l ed .  The 
assembly i e  then  f i l l e d  w i t h  a Dow Corning S i l i c o n e  damping f l u i d  
and h e r m e t i c a l l y  sea l ed .  A l l  e l e c t r i c a l  connec t ions  te rmina te  at 
t h e  t e r m i n a l s ,  Item 24, on one end of t h e  assembly. Being an 
e v a l u a t i o n  pro to type  assembly, t h e r e  is no p rov i s ion  i n  t h e  proto-  
t y p e  f o r  expansion bel lows;  however, space is provided i n  t he  end 
caps ,  where m a t e r i a l  ha6 been added t o  s imula t e  the  volume of t he  
be l lows  . 
-11- 












V. COMPONENT DESIGN 
S e n s i t i v e  Mass 
The s e n s i t i v e  mass, shown i n  F igure  3, c o n s i s t s  of nylon damping 
r i n g s ,  c o i l  c a r r i e r  suppor t s ,  and the  c o i l  c a r r i e r  with i ts  winding. 
In a d d i t i o n ,  t he  core  of t h e  t ransducer  and its n u l l  adjustments  a r e  
a l s o  inc luded  i n  t h e  s e n s i t i v e  mass. From t h e  c a l c u l a t i o n s  and a c t u a l  
weight of t h e  hardware, i t  was found t h a t  t h e  s e n s i t i v e  mass weight 
is 50 grams; however, when t h e  u n i t  is f i l l e d  with s i l i c o n e  o i l ,  the  
e f f e c t i v e  mase t h a t  is a c c e l e r a t i o n  s e n s i t i v e  is 38 grams because of 
t h e  buoyant e f f e c t  of  t h e  damping f l u i d .  
'IS It Spr inge  
The llS1f s p r i n g  is shown i n  Figure 4. Two (2) llS" s p r i n g s  a r e  
used i n  t h e  assembly and a r e  symmetrically mounted, one on each end 
of  t h e  s e n s i t i v e  mass. The s e n s i t i v e  mass is mounted t o  t h e  I D  of 
t h e  llStl s p r i n g  which i n  t u r n  is secu re ly  pos i t i oned  t o  t h e  magnet 
c a r r i e r .  These s p r i n g s  a r e  f a b r i c a t e d  from Ni-Span s t e e l  which has  
very  low change of s p r i n g  r a t e  with temperature  and e x h i b i t s  
extremely low hysteresis with d e f l e c t i o n .  The f a b r i c a t i o n  of  t h e  
llS" s p r i n g  w a s  by Photo-etch technique . 
Linea r  Var iab le  D i f f e r e n t i a l  Transformer 
The Linear  Var iab le  D i f f e r e n t i a l  Transformer (LVDT) is shown 
i n  F igure  5. I n  ope ra t ion ,  t he  core l inks  f l u x  l i n e s  from a 
primary winding i n t o  two balanced opposing secondary windings. With 
t h e  c o r e  a t  e l e c t r i c a l  n u l l ,  t h e  inphase s i g n a l  and out-of-phase 
s i g n a l  cance l  l e a v i n g  an e l e c t r i c a l  zero.  With motion i n  e i t h e r  
d i r e c t i o n ,  an output  s i g n a l  p ropor t iona l  t o  t he  core  p o s i t i o n  is 
achieved.  Because t h e  core  is pa r t  of  t he  s e n s i t i v e  mass and t h u s  
t r a v e l s  o r  d e f l e c t s  w i t h  i t ,  t h e  output  s i g n a l  i n d i c a t e s  the  mass 
p o s i t i o n .  
-12- 











V. COMPONENT DESIGN (Cont 'd) 
Self-Test  Forcer  
The s e l f - t e s t  f o r c e r  comprises t h r e e  components-the f o r c e r  c o i l  
c a r r i e r ,  F igure  6; t h e  f o r c e r  magnets, Figure 7; and the  magnet 
c a r r i e r s ,  F igure  8. 
t h e  f l u x  gap l o c a t e d  between t h e  two permanent magnets. When a 
cu r ren t  pas ses  through the winding, a f o r c e  is developed which d e f l e c t s  
t h e  f o r c e r  i n  e i t h e r  d i r e c t i o n  depending on t h e  d i r e c t i o n  of t h e  
c u r r e n t  flow. The magnets are mounted i n  Armco I ron  magnet c a r r i e r s ,  
which provide t h e  magnetic f l u x  path around t h e  two permanent magnets. 
I n  design,  the c o i l  c a r r i e r  is pos i t i oned  w i t h i n  
The f o r c e r  c o i l  carr ier  is an aluminum drum of  very t h i n  c ros8  
sec t ion .  On t h e  OD of  t h e  aluminum drums are two r i b s  wi th in  which 
the  s e r i e s  wound s e l f - t e s t  c o i l  i s  mounted. The c o i l  is 400 t u r n s  
of #38 w i r e  and is p o t t e d  i n  a c a s t i n g  r e s i n .  
The two f o r c e r  magnets, inner  and o u t e r ,  are of a p l a s t i c  perman- 
e n t  magnet material, (P la s t i fo rm)  which is e a s i l y  formed i n t o  any 
c y l i n d r i c a l  shape. This  material has  a very h igh  coerc ive  fo rce  and 
a c o e f f i c i e n t  of change i n  magnetism of l e s s  than .lO5%. However, 
t h e  magnet material i t s e l f  i 6  not  s t r o n g  enough t o  hold dimensional 
s t a b i l i t y ;  t h e r e f o r e ,  t he  magnets are encased i n  aluminum s h e l l s .  
These s h e l l 6  mount on t h e  I D  of the o u t s i d e  magnet and t h e  OD of t h e  
i n s i d e  magnet t o  provide the  neceesary mechanical support .  I n  
a d d i t i o n ,  t h e  aluminum s h e l l  a160 forms s p a c e r s  at t h e  end of t h e  
magnete so t h a t  they  cannot come i n t o  phys ica l  con tac t  with the  magnet 
car r ie rs ,  t hus  prevent ing  t h e  ShOrting-OUt of t h e  magnetic f i e l d s .  
C o i l  Suppor ts  
The c o i l  suppor t s  shown i n  Figure 9 ,  are fabricated from 303 
s t a i n l e e s  s t e e l .  These eupporte mount on t h e  I D  of t h e  l lS1l apr ings .  
Dimensions are very c l o s e  t o  guarantee c o n c e n t r i c i t y  of t h e  assembly. 
I n  a d d i t i o n ,  t h e  c o i l  euppor t r  aloo c a r r y  t h e  c o i l  ca r r ie r ,  t h e  n u l l  













V. COMPONENT DESIGN (Cont 'd) 
Damping Rings 
The damping nylon r i n g s  a r e  shown i n  F igure  10. The dashpot 
damping leakage gap i e  between t h e  I D  o f  t h e  magnet c a r r i e r s  and 
t h e  OD of t h e  nylon damping r i n g s .  To compensate for t h e  change of  
f l u i d  v i s c o s i t y  with temperature ,  the nylon w a s  chosen because 
i t  has  a temperature  c o e f f i c i e n t  of  expansion much h ighe r  than t h e  
Armco I r o n  ueed i n  the  magnet c a r r i e r s .  In o t h e r  words, when the  
t h e  temperature  i n c r e a s e s  and t h e  oil Viscos i ty  dec reases ,  t he  
nylon damping r i n g s  i n c r e a s e  i n  s i z e  c l o s i n g  down t h e  damping gap 
and thus compensating f o r  t h e  change i n ' f l u i d  v i s c o s i t y .  
t h e  temperature  decreases ,  the  damping f l u i d  v i s c o s i t y  inc rease6  
and t h e  nylon damping r i n g  OD deerease8, opening t h e  gap and aga in  
compensating for t h e  change i n  r i 6 c o s i t y .  
When 
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VI. PEWORMANCE EVALUATION 
The eva lua t ion  components of t h e  R e c t i l i n e a r  Accelerometer were 
assembled and l i m i t e d  t e s t  d a t a  w a s  obtained.  Tes t ing  w a s  done 
t o  determine t h e  performance of the u n i t  i n  t h e  a r e a s  of: 
1 )  L i n e a r i t y  u n f i l l e d ,  2) l i n e a r i t y  f i l l e d ,  3) n u l l  e t a b i l i t y ,  
4) damping and n a t u r a l  frequency, 5) s e l f - t e s t  fo rce r .  
1. L i n e a r i t y  U n f i l l e d  
The u n i t  w a s  b u i l t  up t o  t h e  p o i n t  of s o l d e r i n g  t h e  end caps on 
and a t  t h i s  p o i n t ,  l i n e a r i t y  of the  u n f i l l e d  u n i t  was determined. It 
should  be poin ted  out  t h a t  t he  fill s c a l e  a c c e l e r a t i o n  a p p l i e d  w a s  
- +.75 g ' s  s i n c e  the  e e n s i t i v e  mass w a s  n o t  submerged i n  t h e  damping 
f l u i d .  
a n t  f o r c e  i s  1 2  grame. Therefore ,  .75 g's corresponds t o  1 g 
a c c e l e r a t i o n  when t h e  u n i t  is f i l l e d .  
The mass unsubmerged weighs 50 grams and submerged t h e  buoy- 
The acce lerometer  w a s  mounted on a ra te -of - turn  t a b l e  a t  a 
r a d i u s  of 10 inches  and a c c e l e r a t i o n  was app l i ed  by the  fo l lowing  
formula for r a d i a l  a c c e l e r a t i o n .  
2 a = r w  
where a = a c c e l e r a t i o n  
r 5 r a d i u s  
o = app l i ed  angular  v e l o c i t y  i n  rad/sec 
Tho output  of  the  accelerometer  was monitored wi th  t h e  c i r c u i t r y  
of Figure 11. 
app ly ing  a c a n c e l l i n g  s i g n a l  which bucked o f f  t h e  output .  
i nphase  ou tpu t  and t h e  quadrature  output  w a s  cance l l ed  so t h a t  t h e  
t o t a l  s i g n a l  w a s  a n u l l  vo l tage .  I n  t h e  u n f i l l e d  l i n e a r i t y  t e s t  
on ly  t h e  inphase c a n c e l l i n g  vol tage  w a s  measured and recorded.  
T h i s  d a t a  is shown i n  Chart  1 and p l o t t e d  i n  Figure6 1 2  and 13. 
C a l c u l a t i o n  of t h e  l i n e a r i t y  is shown i n  Chart  2. The e r r o r  
c a l c u l a t i o n  shows t h a t  t he  accelerometer  is w e l l  w i t h i n  the spec i -  
f i c a t i o n  l i m i t s  as o u t l i n e d  i n  the des ign  goals .  
The output s i g n a l  w a s  reduced t o  a n u l l  vo l t age  by 


















V I .  PEWORMANCE EVALUATION (Con t d) 
2. L i n e a r i t y  F i l l e d  
The pro to type  ins t rument  w a s  then s e a l e d  and f i l l e d  w i t h  Dow 
Corning S i l i c o n e  f l u i d  (DC 200 - 065 c e n t i s t o k e s ) .  When t h e  u n i t  
w a s  connected t o  t h e  monitor ing equipment, a very  h igh  n u l l  w a s  
p re sen t  ( 0 8  v o l t s ) .  
r e n u l l e d  and output  data waa taken. T h i s  d a t a  is l i s t e d  i n  Char t s  
3 and 4 and p l o t t e d  i n  F igu res  14 and 15. 
symmetrical  and i n  one d i r e c t i o n  the output  w a s  q u i t e  u n l i n e a r .  The 
l i n e a r i t y  is c a l c u l a t e d  i n  Char t s  5 and 6 and shows t h e  wide range 
of n o n l i n e a r i t y .  
The s e a l  p o r t  w a s  opened and t h e  u n i t  w a s  
The output  w a s  n o t  
A f t e r  t h e  assembly w a s  t o r n  down t o  change t h e  damping gap, 
l i n e a r i t y  w a s  aga in  t e s t e d .  
p l o t t e d  i n  F igures  16 and 17 and c a l c u l a t e d  i n  Chart  9. The e r r o r  is 
much l e s s  than i n  t h e  prev ious  test  and no n u l l  s h i f t  w a s  no ted  
T h i s  d a t a  is l i s t e d  i n  Char t s  7 and 8, 
a f t e r  f i l l i n g .  The l i n e a r i t y  ie st i l l  i n  excess  of the  s p e c i f i c a t i o n  
l i m i t s  . 
I n  comparing t h e  techniques  i n  t h e  f i l l i n g  of  t h e  acce lerometer ,  
i t  w a s  found t h a t  t h e  f i r s t  time a r a p i d  decompression occurred  
du r ing  t h e  evacuat ion and b a c k f i l l .  Apparently t h i s  caused t h e  
"S" s p r i n g s  t o  s h i f t  s l i g h t l y  t o  give a cond i t ion  known as o i l  
canning. It is apparent  t h a t  t h e  mounting of t h e  ltS1t s p r i n g s  i a  
extremely c r i t i c a l  and causes  t h e  non l inea r i ty .  Proper  assembly 


















V I .  PERFORMANCE EVALUATION (Cont 'd) 
3. N u l l  S t a b i l i t r  
With t h e  accelerometer  on t h e  rate t a b l e ,  an i n p u t  r a t e  w a s  
app l i ed  which caused a f u l l  s c a l e  de f l ec t ion .  The ra te  t a b l e  w a s  
al lowed t o  c o a s t  t o  a smooth s t o p  and t h e  n u l l  w a s  noted. 
w a s  no measureable change i n  n u l l  output  wi th  t h i s  t e s t .  It should 
be poin ted  out  t h a t  t h i s  instrument is extremely s e n s i t i v e  t o  i t e  
mounting o r i e n t a t i o n  and as such provis ion  w i l l  be made i n  t h e  f u t u r e  
for accura t e  and r epea tab le  mounting. 
There 
4. Damping and Na tu ra l  Frequencg 
By d r i v i n g  t h e  f o r c e r  with a s i n u s o i d a l  i n p u t  and monitoring 
t h e  p o i n t  a t  which t h e  d r iv ing  s i g n a l  w a s  a t  90" t o  t he  response 
s i g n a l  from t h e  LVDT, t h e  n a t u r a l  frequency w a s  determined. The 
damping f a c t o r  w a s  determined by p l o t t i n g  t h e  amplitude r a t i o  
ve r sus  t h e  r a t i o  of t h e  i n p u t  frequency t o  t h e  n a t u r a l  frequency. 
By s e t t i n g  up an o s c i l l i s c o p e  so t h a t  t h e  inpu t  s i g n a l  w a s  a known 
magnitude and t h e  output  s i g n a l  was ad jus t ed  t o  have an equal  magni- 
tude.  The frequency w a s  increased  i n  s t e p s  and t h e  r a t i o  of  t h e  
output  t o  inpu t  w a s  measured a t  each s t e p .  The d a t a  obta ined  is i n  
Chart  10 and p l o t t e d  i n  F igure  18. 
F igu re  19 (amplitude r a t i o  f o r  var ious damping va lues  i n  a second 
o r d e r  system),  i t  can be seen t h a t  t h e  damping r a t i o  is approxi- 
mately 0.15. I n  a d d i t i o n ,  t he  6 cps n a t u r a l  frequency is v e r i f i e d  
as t h e  0.15 damping curve peaks a t  approximately t h e  n a t u r a l  f r e -  
quency. From t h i s  d a t a  and o the r  measured cons t an t s ,  t h e  e f f e c t  o f  
t h e  f l u i d  mass can be ca l cu la t ed .  
By comparing Figure  18 wi th  
-27- 
VI. PERFORMA?+JCE EVALUATION (Cont 'd) 
U n f i l l e d  mass- -M = 50 grams = .11 lbs .  
T o t a l  t r a v e l  ( s t o p  t o  s t o p )  = .0985 
T o t a l  a c c e l e r a t i o n  i n p u t  s t o p  t o  s t o p  = 1.60 g18  +1.36 = 2.96 g's 
S e n s i t i v e  m a 8 8  weight f i l l e d  = 38 grams = .0838 l b s .  
d e f l e c t i o n  a t  1 g = s' = .0333 inches  
K = #/in = = 2.5#/in . 0838 0333 
now 
where fn  = n a t u r a l  frequency 
K = s p r i n g  rate 
M 
Mp = f l u i d  mass 
= mass of  s e n s i t i v e  weight 
= cps  6 = $  2.5#/in 386 in /secL (.11 + M f )  # 
s q u a r i n g  both s ide6  
1420 1 
965 = 0 1 1  + Mi 
-28- 
















V I .  PERFORMANCE EVALUATION (Cont 'd) 
I n  a d d i t i o n ,  t h e  low damping cons t an t  is p a r t i a l l y  caused by 
t h e  low n a t u r a l  frequency as 
cc = 2 v m  
K = s p r i n g  r a t e  
M = t o t a l  mass ( inc lud ing  f l u i d )  
- w 2  K but  7 n 
where un = n a t u r a l  frequency rad/sec 
n 
W 
then  Cc = 2  
t h e r e f o r e  
and damping c a l c u l a t i o n s  were based on a damping cons t an t  of 
.0975# sec / in .  Two i n s e r t s  were f a b r i c a t e d  t o  reduce t h e  damping 
gap from .073 t o  ,050. 
The damping w a s  aga in  measured t o  f i n d  t h e  e f f e c t  of  reducing 
The frequency response w a s  p r a c t i c a l l y  t h e  gap from .073 t o  ,050. 
i d e n t i c a l  t o  t h e  prev ious  t e s t  i n d i c a t i n g  no inc rease  i n  t h e  damping 
c o e f f i c i e n t  . 
A re -eva lua t ion  of t h e  damping c a l c u l a t i o n s  a6 presented  i n  









V I .  PERFORMANCE EVALUATION (Cont 'd) 
t r anspos ing  from t h e  v i s c o s i t y  i n  c e n t i s t o k e s  t o  u n i t s  of  #sec/in. ,  
an e r r o r  of lom2 w a s  introduced.  The s e c t i o n  should r ead  
.46 c e n t i s t o k e s  = .506 x #sec/in i n s t e a d  o f  
.46 c e n t i s t o k e s  = .5O6 x #sec/in.  
The u n i t  w a s  then  r e f i l l e d  w i t h  10 cen t i s toke6  Dow Corning 
S i l i c o n e  o i l  and t h e  frequency response d a t a  o f  Chart  11 was taken. 
This  d a t a  is p l o t t e d  i n  Figure 20 i n d i c a t i n g  a damping o f  .55. With 
10 cs o i l ,  t h e  s h e a r  l a y e r  is t h i c k e r ,  which inc reases  the  f l u i d  mass 
and lowers  t h e  n a t u r a l  frequency from 6 cps  t o  5 cps.  
Se l f -Tes t  Forcer  
The s e l f - t e s t  f o r c e r  w a s  t e s t e d  by apply ing  a cu r ren t  t o  t h e  
s e l f - t e s t  f o r c e r  c o i l  and matching t h e  output  as determined i n  t h e  
l i n e a r i t y  t e s t .  This  data is l i s t e d  i n  Char t s  3 and 4 and plotted 
i n  F igu res  1 4  and 15. The f u l l  s c a l e  output  is a t t a i n e d  wi th  l e s s  
than 60 ma i n d i c a t i n g  s e l f - t e e t  fo rce r  approximately t h r e e  times 
s t r o n g e r  than t h e  requirements i n  the design goals. 
-30- 
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OUTPUT VERSUS INPUT 
U n f i l l e d  U n i t  
io/ 2 0 / 6  5 
INPUT OUTPUT (Decapot Reading)  















































LINEARITY CALCULATION (UNFILLED ) 
Error % F.S. 1 1 
X Y 
Input Output XY Y Y -Y 




































1 3500 . 8632 













. 8648 -2 173 
1.3560 -2.715 
1 9500 -3 b 256 
2.6600 -3.798 
3.0780 -4.069 
-. 013 - 002 
- . 006 
- .002 
- . 003 






























OUTPUT AND FORCE BALANCE 
(Mass Motion Away From Header) 10/25/65 
Potentiometer 
O/sec g' 6 S e t t i n g  Quadrature - Mv 
INPUT OUTPUT I 
Force Balance 

















079 . 1138 
155 . 202 
2565 
.316 . 382 
455 
534 . 618 























































Potentiometer Quadrature - MV O/sec g's  
Setting 
LINEAR ACCELEROMETER 
OUTPUT AND FORCE BALANCE 
(Mass Motion Towards Header) 
Force Balance 

















079 . 1138 
155 
202 
2565 . 316 
. 382 
455 
534 . 618 
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1 Error % F.S. 1 
X Y 
Input output XY Y Y-Y 1 
g's V 4.522 - y 






455 . 382 
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- . 1.138 
- 155 














2 . 844 
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- 0  292 
- 446 
- . 624 
- 836 
-1 . 102 
-1 346 
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+ . 058 
+ .083 
+ 0035 
+ . 021 
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- .017 
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- . 048 
- . 010 
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1 1 Error % F.S. 
X Y 
Input output XY 9 Y-Y 1 
65' 8 v 4.356 - Y 
1.022 
912 . 810 
.618 
534 
455 . 382 
. 316 
2565 











- . 618 















1 . 120 . 908 
712 
540 . 384 
-. 292 
0.446 
- 624 -. 836 
-1 . 102 
-1 346 
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.169 . 283 . 425 












2 . 546 
2.188 
1 . 851 
1.540 
1.259 
1 . 005 
773 
572 
397 . 248 
- 0425 
-0574 
= . 749 
- 950 
-1 . 182 
-1 436 
-1 717 
-2 . 028 
-2 365 
-2 723 
-3 . 120 
-3 542 
-3 . 976 
- 0  292 




+ . 012 
+ . 047 
+ .076 
+ . 091 
+ . 115 
+ 135 
+ . 140 
+ . 143 
+ . 136 
+ 133 
+ . 128 
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+ . 114 
+.080 
+ . 090 
+ . 025 
- . 008 
- 039 
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. - -4 . 445 - 187 -4.29 
y1 = -.0886 +4.263x CHART 6 2 - y -  2 XY .0886" 36 7303 











Mass Motion Towards Header 
Input Output 
O/Bec 6's Potentiometer Setting Quad. VoltaRe - MV 
120 1138 
160 202 
200 . 316 
240 455 




























Mas6 Motion Away From Header 
Input Output 
O/sec 45'6 Potentiometer Setting Quad, Voltage - MV 
120 .1138 
160 0 202 
200 . 316 
240 455 
280 ,618 








































LINEARITY CALCULATION FILmD I 
I X Y Input output XY 1 Y 1 Y-Y Error % F. S. - -  
g’ 8 V 
1.022 3 906 3.992 3.829 + 077 +I 95 




I . 1138 . 382 ,043 . 419 - 037 -.94 
. 810 3.060 2.479 3.033 + ,027 +.68 
455 1.668 0759 1.700 -*032 -.81 . 316 1.150 .363 1.178 - .028 - e 7 1  
202 . 728 . 147 750 - 022 -e56 
0 . 004 i - . 1138 0.446 0.051 -0435 - 011 0.28 
- 202 - 790 0160 -e766 - 024 -.61 
-.455 -I 716 .781 1.716 -000 0 
- 618 -2 322 1.435 2.328 + .008 + e 2 0  
-.810 -3 016 2.443 3.041 + a025 + .63 
-1 . 022 -3.808 3.892 3.845 +. 037 +.94 


























































































































































fn f 5 C P @ J  10 c s  s i l i c o n e  o i l  
FREQ a Input output 




















V I 1  CONCLUSIONS AND RECOMMENDATIONS 
By examining t h e  eva lua t ion  pro to type  t e s t  data, i t  is evident  
t h a t  a high degree of succees  i n  a t t a i n i n g  t h e  des ign  goal6 has  
been achieved. 
goals a r e  of  a n a t u r e  t h a t  improve t h e  ins t rument  i n t e g r i t y .  
Changes i n  t h e  eva lua t ion  prototype would inc lude  : 
The modif icat ion6 r e q u i r e d  t o  achieve  t h e  design 
1. St rengthening  of t h e  suspension members t o  i n c r e a s e  t h e  
n a t u r a l  frequency. 
2. Incorpora t ion  of t h e  Sanborn, LVDT, t o  reduce phase s h i f t  
and i n c r e a s e  t h e  e x c i t a t i o n  frequency. 
3 .  T i g h t e r  c o n t r o l  on Itstt s p r i n g  p o s i t i o n i n g  t o  reduce s t a t i c  
accuracy e r r o r s .  
4. Changing t h e  damping gap and damping f l u i d  v i s c o s i t y  which 
w i l l  p rovide  f o r  b e t t e r  temperature compensation. 
A l l  o f  t he  above changes can be inco rpora t ed  i n t o  t h e  evalua-  
t i o n  pro to type .  
Informat ion  obta ined  from the above changes w i l l  be d i r e c t l y  
a p p l i c a b l e  t o  t h e  f u t u r e  design, which w i l l  be smaller i n  s i z e  
and l i g h t e r  i n  weight. 
p o s s i b l e  by inco rpora t ion  of  t h e  Sanborn LVDT and a s m a l l e r  s e l f -  
t e e t  f o r c e r ,  The next  l o g i c a l  a t e p  i n  the  program would be the  
f a b r i c a t i o n  of  u n i t s  i nco rpora t ing  t h e s e  improvements and exten- 
s i v e  t e s t i n g  and eva lua t ion  t o  e s t a b l i s h  design i n t e g r i t y .  
The reduct ion  i n  s i z e  and weight is 
APPENDIX A 
LVDT AND AMPLIFIER EVALUATION 
I 
D LVDT AND AMPLIFIER EVALUATION 
In October ,  f u r t h e r  work was done on t h e  combination o f  Sanborn 
595DT-050 Linear  D i f f e r e n t i a l  Transformer and Amplif ier  t o  reduce t h e  
o v e r a l l  change o f  s e n s i t i v i t y  with temperature.  
For t h i s  purpose,  t h e  c o l l e c t o r  r e s i s t o r  of t h e  output  s t a g e  of  t h e  
a a p l i f l e r  w a s  r ep laced  by a combination of  r e s i s t o r  and thermi6tor .  
F igure  1 shows t h e  r e s u l t s  of  s e v e r a l  trials: 
t h e  f u l l  s c a l e  ou tpu t  o f  t h e  d i f f e r e n t i a l  t ransformer  a lone ,  m u l t i p l i e d  
by 5 t o  b r i n g  i t  i n t o  the  range of  t h e  o t h e r  curves ;  (2) Line YY repre-  
s e n t s  t h e  output  o f  t h e  t ranaformer and uncor rec t ed  a m p l i f i e r ;  (3)  Line 00 
r e p r e s e n t s  t h e  r e s u l t s  of t h e  first t r ia l  i n  which t h e  c o l l e c t o r  l o a d  
w a s  an 1800 ohm r e s i s t o r  i n  se r ies  w i t h  a 300 ohm the rmis to r ;  
r e p r e s e n t s  t h e  r e s u l t s  of t h e  2nd t r i a l  i n  which the  c o l l e c t o r  l oad  w a s  
an 1800 ohm r e s i s t o r  i n  s e r i e s  with a 100 ohm the rmis to r ;  ( 5 )  Line BB 
r e p r e s e n t s  t h e  r e s u l t s  of t he  3 r d  t r ia l  i n  which t h e  c o l l e c t o r  l oad  w a s  
a 2000 ohm r e s i s t o r  i n  a e r i e s  with t h e  p a r a l l e l  combination o f  a 100 ohm 
the rmis to r  and 100 ohm r e s i s t o r ;  (6) Line CC r e p r e s e n t s  t h e  r e s u l t s  of  
t h e  4 t h  t r ia l  i n  which t h e  r e s i s t o r  shunt ing  t h e  the rmis to r  w a s  raised 
t o  300 ohma; and (7) Line DD r e p r e s e n t s  t h e  r e s u l t s  o f  t h e  5 t h  t r ia l  i n  
which t h e  shunt  r e s i s t o r  w a s  f u r t h e r  i nc reased  t o  510 ohms. 
l i n e a  XX and YY a r e  taken from t h e  September r e p o r t ,  Tables V and V I I .  
Data f o r  t h e  remaining curves a r e  t abu la t ed  i n  Table  I. 
(1) Line XX r e p r e s e n t s  
(4) Line AA 
Data f o r  
Curve DD i n  F igure  1, compared t o  curve XX, seemed t o  i n d i c a t e  t h a t  
s a t i s f a c t o r y  ope ra t ion  would be obtained from t h i s  arrangement of c o l l e c t o r  
load.  A complete s e t  of  d a t a  w a 6  taken t h e r e f o r e ,  which is given i n  
Table 11. Compared t o  Table  V I 1  i n  t h e  September r e p o r t ,  cons ide rab le  
improvement is i n d i c a t e d ;  bu t  at room temperature and a t  100°F, there  
are too  many p o i n t s  ou t  of to le rance .  
A t  t h i s  time, t h e  t echn ic i an  tak ing  t h e  d a t a ,  s t a t e d  t h a t  he some- 
t imes w a s  n o t  s u r e  "which n u l l  t o  u8et1 on t h e  osc i l l o scope .  A simple 
12  p o i n t  harmonic a n a l y s i s  w a s  run the re fo re  on t h e  n u l l  p a t t e r n  d i s -  








Although t h e  r e s i d u a l  fundamental i n  t h e  n u l l  p a t t e r n  (2  mv) i s  
t o l e r a b l e  ( r e p r e s e n t i n g  about .05% u n c e r t a i n t y  i n  r ead ings ) ,  neve r the l e sa ,  
f o r  t h e  remainder of  t h e  work on t h e  Sanborn Transformer a Wave Analyzer 
w a 6  used f o r  f i n a l  n u l l  balance s e t t i n g s .  The t e s t  arrangement w a s  then  
I 
as given i n  F igure  2. 
To s e e  i f  our  prev ious  d a t a  were i n  e r r o r ,  a r e run  of  Table I f  w a s  I 
made u s i n g  t h e  wave ana lyzer  f o r  n u l l  s e t t i n g .  The r e s u l t s  a r e  g iven  i n  
Table I V .  I n  view of  t h e s e  r e s u l t s ,  the  c o l l e c t o r  l oad  w a s  changed t o  
a 2000 ohm r e s i s t o r  i n  s e r i e s  with t h e  p a r a l l e l  combination of a 100 ohm 
the rmis to r  and a 390 ohm r e s i s t o r  and the  data of Table V were then  
taken. 
The r e s u l t s  show no improvement and l e d  t o  a r e c a p i t u l a t i o n  of our  
temperature-gain data t a b u l a t e d  i n  Table VI and p l o t t e d  i n  F igure  3. 
From Figure  3, i t  appears  t h a t  we overshot t h e  mark and should r e t u r n  
t o  a shunt  r e s i e t o r  o f  470 ohms, which c e r t a i n l y  would have a ga in  
sp read  no greater than  t h a t  of t h e  t ransformer  alone.  




DISP. Y XY 
IN. 75°F 1600~ 75°F 160°F 
X DEKAPOT READING IN. VOLTS 
05 . 04 































33270 . 21312 
. 05380 . 01362 
.01282 





1 . 45242 
6.602 
2.9590 . 18784 




05084 . 11316 
. 20072 
31230 
1 . 33412 
6.064 (= 5) 
b 011 volte 
A-4 
TABLE I (Cont'd) 
Curve AA 
DISP Y XY 
I N .  -20'F 8 4 0 ~  1 6 0 0 ~  -20°F 8 4 0 ~  1 6 0 0 ~  















































37130 . 26152 






l 2528 0 . 36380 
1 e 73972 
7 l 908 
31770 
. 20376 








1 . 38968 








l 05344 . 11862 
. 32620 . 21024 
1 l40132 
6 l 370 
I .  
r 
I Curve BB 
D I S P  Y XY 
IN. -20'F 1600~ - 2 O O F  1600~ 




























. 09444 . 17224 
. 27300 
1 . 24562 
31090 
19736 
. 10944 . 04768 
01124 
-- 
. 01358 . 05216 
20688 
1 . 38880 
11646 
32310 
5.662 6 313 1 FS 
A-6 
TABLE I (Cont'd) 
Curve CC I 
D I S P  Y XY 





































- .O5 -2929 -3249 0 29290 







TABLE I (Cont'd) 
Curve DD 
D I S P .  x XY 
IN. -20°F 8 5 0 ~  160.~ -20°F 8 5 0 ~  1600~ 
CORRECTED VOLTS INCH - VOLTS X 
05 6 , 276 . 04 5 , 116 
03 3 836 
. 01 1 , 272 . 00 . 000 
-001 -1 . 288 
-.03 -3 . 838 
-004 -5 0 126 
-.05 -6 . 384 














-6 . 262 
6.362 
5 4 074 





























19952 . 31310 
1 37394 
6 . 245 
, 31810 . 20296 . 11382 
















Sanborn 595DT-050 with amplifier collector load of 100 fl 
with 570n R in series with 2 KR. 
thermistor// 
DISP. Excitation = 10 V, 7KHz 
X y , volts > 
I N .  -20'F 1 0 ° F  40° F 8 5 0 ~  100°F 1300~  160°F 
05 6 . 508 6.528 6.436 
. 04 5 348 5.294 5 170 
03 4 . 068 3 998 3.898 . 02 2.732 2 . 714 2.624 . 01 1 . 504 1 . 440 1 . 364 
. 00 232 .158 . 098 
-001 -1 . 056 -1 . 112 -1 154 
-.02 -2.314 -2.368 -2.390 
-003 -3.606 -3.644 -3.662 
-004 -4.894 -4.936 -4.946 













6 . 248 
4.980 
3 714 












-1 . 316 
2.426 









1 . 116 




-5 . 208 
-6 488 
~~ 
TABLE I1 (Cont'd) 
DISP. 
X 4 y, corrected f o r  null, volts . 
IN. -20°F 10°F 40° F 850 F l O O O F  130°F 1600~ 
05 
.04 






6 . 276 
5 . 116 
3 836 
2 . 500 
1,272 . 000 
-1 . 288 
-2.546 






3 . 840 









2 . 526 
1 . 266 . 000 




-6 . 328 
6.274 
5 . 004 
3.738 
2 . 496 
1 . 246 . 000 




-6 . 262 




1 230 . 000 









1 270 . 000 




-6 . 308 











TABLE I1 (Cont'd) 
xy in volts DISP. 
IN. -20°F 10°F 40°F 8 5 0 ~  100°F 1300~ 160°F 
X 
05 . 04 








31380 31850 31690 31370 .31280 
11508 . 11520 . 11400 . 11214 .11166 . 20464 .20544 . 20288 . 20016 19952 
.05000 .O5ll2 .05052 ,04992 .04952 . 01272 . 01282 . 01266 .01246 .01230 
. 01288 .01270 . 01252 . 01232 01222 
.05092 ,05052 .04976 .Ob920 .04908 . 11514 .11406 . 11280 .11142 . 11106 . 20504 .20376 .20176 . 19952 a9880 






.01232 . 04960 










. 20256 . 31720 
y1 = .007 + 126.14 = 6,307 FS 
A-11 




TABLE I1 (Cont'd) 
1 DISP. 
X Y 
I N .  v o l t s  -2OOF 1 0 ° F  40°F 85°F lOOOF 1 3 0 0 ~  1 6 0 0 ~  
005 6.307 -0031 0063 0031 -0033 -.O5l 007 055 
.04 5.053 . 063 .083 . O l 9  -.oh9 -.065 -.007 . 021 
003 3.791 . 045 .049 .009 -.053 -.069 - . O l 3  . 003 
.02 2.530 -.030 0026 - e 0 0 4  -0034 -0054 -0020 - . 010 
.Oi 1.268 . 004 0014 -.OO2 -0022 -0038 + 0002 - . 008 
-001 -1.254 -.034 - 016 . 002 .022 - .032 . 022 . 000 
-.02 -2.516 -.030 -0010 . 028 .056 .062 . 036 . 010 
-.03 -3 777 - 061 -.025 017 .063 .075 037 . 003 
-004 -5.039 -.087 -.055 -.005 .051 .069 -003 -.025 
-000 










IN. -20'F 10°F 4 0 0 ~  85°F ~ O O O F  1 3 0 0 ~  1 6 0 0 ~  
05 
04 
03 . 02 . 01 . 00 
-eo1 
- e 0 2  
-.03 
-.Ob 
- e 0 5  
Sol id :  - +1/296 
Dash: 21% 
Dot Dash: +1-1/2% 










12 Point  Harmonic Analys is  of N u l l  Pattern 
y1 y2 
08 -04 -06 
y3 y4 5 '6 y7 '8 y9 Y 
02 07 0 -.8 o . 6  01 





02 0 .1 .6 0 
.8 -.2 -.6 .3 1.3 o -.8 
Y '1 '10 g '8 '7 
s1 s2 '3 '4 ' 5  '6 
dl d2 d3 d4 d5 
S 
'1 s2 3 
s4 S ' 6  
- s-; S 
- s7 '8 
dl d2 d3 
d5 d4 
08 -02 -06 03 
-08 0 1.3 
0 -02 .7 03 




0.6 -06 01 
0 01 
-06 -05 01 
-e6 -07 
A-14 





s4 DO - 
' 6  D2 
D5 "6 






TABLE I11 (Cont'd) 
- ,+' = 9 = -.12 *3 - 
= .225 
= .61 
Oscilloscope Cal ibra t ion :  1.3 cm = 20 mv 
A-16 
L 
6 3 4  
(u cu 












Sanborn 595DT-050 with amplifier collector load of 100 fl thermistor// 
5100 R in series with 2KR. 
Excitation 10 V ,  7 KHz. Nulled with H.P. 3O2A Wave Analyzer. 
X 4 y, v o l t s  
DISP. 
IN -20°F 10. F 40°F 8 2 0 ~  100°F 130°F 1600~ 
05 . 04 









2 . 748 
1 . 474 . 224 










-1 . 080 








2 . 588 
1.334 . 104 
-1 . 120 
-2.358 




4 . 984 
3.730 
2 . 478 
1 . 236 . 016 
-1 . 200 
-2 428 
-3 0 692 
-4 968 
-6 . 218 
6 . 204 
4.956 
3 692 
2 . 452 
1 . 218 . 000 




-6 . 250 
6 . 138 
4 . 914 
3 . 646 
1 . 144 2 350 
- . 056 
-1.292 
-2.540 
-3 . 800 
-5 064 
-6.324 















TABLE N (Cont 'd) 
DISP. 
X 
IN. =2O0F loo F 40° F 8 2 0 ~  
-y ,  correc ted  for nul l  s h i f t ,  volts-p 








. 00 . 000 
-003 -3.796 
-004 -5.086 
- a 0 5  -6.356 










6 . 234 
5 . 026 
3.750 
2 . 484 




-3 . 730 
-4 996 
-6.238 




1.220 . 000 
-1 . 216 




6 . 204 6 . 194 6 . 264 
4.956 4.970 5 022 
3 692 3 702 3.742 
2.452 2 . 406 2.476 
1.218 1 . 200 1 . 234 . 000 . 000 . 000 
-1 . 220 -1 . 236 -1 . 240 
02 . 456 -2 . 484 -2 . 478 
-3 714 -3 744 -3 752 
-4 . 984 -5 . 008 -5 . 040 








TABLE IV (Cont d )  
DISP 
x -=y 
IN. -20.F 10°F 40° F 820F 100°F 1300~  1600~ 











20352 20328 . 11418 11418 
05048 05060 
.01250 .01260 
. 01250 . 01238 
. 11388 . 11316 
.05024 04984 
20344 . 20304 
31780 .31610 
.31170 31100 
. 20104 19872 
a1250 . i i i42  
04968 . 04924 


























20160 . 31490 
E-20 
I 
I TABLE IV (Cont'd) 
1 - Error, y-y , mv DISP. 1 X Y b 



























































































1 -Error, % y FS DISP. X e 
looo F 1300~ 1600 F IN. -20°F 10°F 4O0T 8 2 0 ~  
05 . 14 .24 , -:24 -.46 -.72 -.a8 . 24 
.04 I 1'174*-- 1.34- 1 . 4 5  -.48 -.93 - 1  -.45 .38 e 
-.08 .03 I 094 - - - -  e 9 4  I .05 -.53 -a89 I -.72 
r .45 54 -019 a a -a -.32 02 
.01 1 .08 . 24 -024 0.40 -.43 -.72 -.la 
- f  - - - - - - - -  
-----. - ---- 
-  
.oo I 
27 . 48 
I -.59 -021 .24 - -- 011 i
. 11 
- e 0 6  
I 
I 




Solid: - +1/2% 
Dash: , - +1% 
Dot dash: ~l-l/& 
Open: - +2-1/2% 
A=22 
TABLE V 
Sanborn 595DT-050 with amplifier collector load of 100 R Thermistor 
//39012 B in series with 2KR. 
Excitation l O V ,  7 KHz 
DISP. 
X y v o l t s  
IN. -20°F loo F 40°F 75°F 100°F 1300~ 1600~ 
05 . 04 . 03 . 02 
b 01 
b 00 








2 . 686 












-1 . 050 
















6 . 214 
4,964 
3 710 
2 . 432 




-4 . 874 
-6 096 
6 . 158 6.142 
4.912 4.892 
3 . 666 3.628 
2 . 434 2.372 
1 b 200 1 . 148 
b 000 - 068 
-1 b 200 -1 278 
-2.424 -2.530 
-3 600 -3 776 
-4.900 -5.040 
-6 . 190 -6.288 
6 . 138 















TABLE V (Cont'd) 
y, corrected for n u l l  volts DISP. X 












4 b 944 
3.682 
1.216 . 000 
-1 174 
2.462 
-2 . 420 
-3 . 664 
-4 . 900 













4 . 954 
3.694 
2.468 
1.200 . 000 
-1 196 
-2 . 410 
-3.662 
-4 920 








-2 . 436 
-3 676 
-4.910 


























1.206 . 000 









I xy, volt - in. DISP. X 










































0 19712 . 11022 





. 30660 .l9640 
Z X Y  = 500 
.I 










31050 . 19840 
























TABLE V (Cont'd) 
1 Error, y - y , mv DISP. 1 X Y 





e 0 1  1.237 . 00 . 000 
- e 0 1  -1.233 









































































A i- Z -.16 -.06 -.06 @ @ - - -  I 
1 1 .01 - .34 -,08 @ -.37 @ 
TABLE V (Cont'd) 
-018 015- I 
-.52 -.26 I 
I -  
-.34 -.50 I 
Solid: ~1/2% 
Dash: 21% 











-20°F 10°F 40°F RT 100°F 130°F 160°F 
x5 = 6.350 6.365 6.390 6.440 6.450 6.450 6.465 
1.293 LVDT alone 1.270 1.273 1.278 1.288 1.290 1.290 
LVDT + AMP (1) 6.044 6.401 6.617 6.812 6.752 6.756 6.663 
LVDT + AMP ( 2 )  6.361 6.373 6.319 6.245 6.223 6.294 6.334 
LVDT + AMP (3) 6.334 6.311 6.237 6.209 6.205 6.217 6.269 
LVDT + AMP ( 4 )  6.138 6.196 6.161 6.137 6.132 6.196 6.263 
643 io0 12 t h i i 3 9 o  R R + 2K (Wave Meter )  
( 3 )  Same aa ( 2 )  b u t  nulled w i t h  wave meter 
( 2 )  
(1) Unmodified amp. (Sept. Table VI11 
100 R th//5lO R R + 2K 
LVDT alone (Sept .  Table  VI 
A-2a 
I 
I 
I 
I 
i 1 
I 
A 9 
